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1.  INTRODUCTION 


Colorectal  carcinoma  (CRC)  is  the  third  leading  cause  of  cancer  morbidity  and  mortality  in  the 
United  States.  Familial  Adenomatous  Polyposis  (FAP)  represents  one  of  the  most  common 
syndromes  associated  with  high  penetrant  hereditary  CRC.  A  prominent  feature  of  cancer  cells  is 
their  increased  glucose  uptake  and  reliance  on  aerobic  glycolytic  metabolism,  a  phenomenon 
described  by  Otto  Warburg  decades  ago.  Though  it  is  a  potential  candidate  for  targeting  against 
tumors,  little  is  known  about  the  mechanisms  controlling  it.  Remarkably,  we  have  recently 
identified  the  SIRT6  histone  deacetylase  as  a  central  regulator  of  glycolytic  metabolism:  cells 
lacking  SIRT6  undergo  a  dramatic  metabolic  switch,  increasing  glycolysis  and  inhibiting 
mitochondrial  respiration  (Mostoslavsky  et  ah,  2006;  Zhong  et  ah,  2010).  In  this  proposal,  we 
aimed  to  study  the  role  of  SIRT6  in  colorectal  cancer  cells.  We  hypothesize  that  colon  cancer 
cells  might  selectively  down-modulate  SIRT6  to  acquire  a  selective  advantage  in  order  to  grow 
under  conditions  of  glycolytic  metabolism.  Indeed,  our  work  done  over  these  two  years  indicate 
that  loss  of  SIRT6  provides  tumorigenic  potential  to  otherwise  normal  cells,  modulating 
glycolysis  and  bypassing  classical  oncogenic  pathways  (Sebastian  et  ah,  2012).  Furthermore,  we 
have  established  SIRT6  as  a  critical  tumor  suppressor  in  intestinal  tumorigenesis  by  regulating 
cancer  metabolism  (Sebastian  et  ah,  2012).  Data  generated  during  this  year  has  expanded  these 
observations  and  uncovered  a  new  role  for  SIRT6  and  glucose  metabolism  as  regulators  of 
intestinal  stem  cell  activity  and  tumor  initiation  in  intestinal  cancer.  Overall,  our  results  provide 
new  insights  into  the  molecular  mechanisms  regulating  colon  cancer  metabolism.  In  this  context, 
modulation  of  SIRT6  activity  could  provide  us  in  the  future  with  a  potential  therapeutic  approach 
to  tackle  cancer  development. 


2.  KEYWORDS 

SIRT6,  cancer  metabolism,  aerobic  glycolysis,  intestinal  tumorigenesis,  intestinal  stem  cells, 
tumor  initiating  cells. 


3.  OVERALL  PROJECT 
SUMMARY 

Our  work  done  during  the  first  year 
demonstrated  that  SIRT6  suppresses 
intestinal  tumorigenesis  in  vivo  by 
inhibiting  glucose  metabolism 
reprogramming  (Sebastian  et  ah, 
2012).  Importantly,  lack  of  SIRT6 
increases  the  number  of  tumors  in 
the  intestine  of  APCmin  mice, 
suggesting  a  role  for  this  chromatin 
factor  in  tumor  initiation.  Work 
done  by  Hans  Clevers  laboratory 
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Figure  1.  Expansion  oflSCs  in  Sirt6n/fl;  Villin-cre;  Apcmin  mice.  Representative  pictures  of  01fm4  in  situ 
hybridization  showing  ISC  staining  (left  pannels)  and  quantification  of  01fm4  postive  cells  (right  pannel)  in 
the  intestines  of  control  and  Sirt6fl/fl;  Villin-cre;  Apcmin  mice  treated  or  untreated  with  DCA. 
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■  Sirt6fl/+;  Lgr5-Cre;  Apd™r 

■  Sirt6lm;  Lgr5-Cre;  Ape"11" 


has  demonstrated  that  intestinal  stem  cells  (ISCs)  are  the  cell-of-origin  of  intestinal  cancer  in 
mice  (Barker  et  ah,  2009).  Therefore,  we  hypothesized  that  SIRT6  could  be  regulating  tumor 
initiation  by  increasing  the  number  of  ISCs,  which,  upon  APC  loss,  could  give  rise  to  intestinal 
adenomas.  To  test  this  possibility, 
we  started  to  analyze  at  the  end  of 
the  first  year  whether  lack  of  SIRT6 
lead  to  an  increase  in  the  number 
and  activity  of  ISCs.  In  preliminary 
studies,  we  found  a  25%  increase  in 
the  number  of  ISCs  in  the  intestine 
of  Sirtdl1®;  villin-Cre;  Ape"""  mice 
compared  to  control  animals,  a 
phenotype  that  was  reversed  by 
inhibiting  glycolysis.  We  have  now 
expanded  these  studies  by  analyzing 
more  mice  and  confirmed  that, 
indeed,  loss  of  SIRT6  in  the 
intestinal  epithelium  strikingly 
increases  the  number  of  ISCs  in  a 
glycolysis-dependent  manner 

(Figure  1),  suggesting  that  increased 
glycolysis  in  the  absence  of  SIRT6 
might  be  boosting  the  number  of 
ISCs. 


■  Sirt6,l/+:  Lgr5-Cre;  Apcmln 

■  Lgr5-Cre;  Apcmin 


Figure  2.  Expansion  of  Lgr5+  ISCs  in  Sirt6n/n;  Lgr5-EGFP-ires- 
CreERT2  mice.  Representative  pictures  and  quantification  of  Lgr5+  cells 
in  small  intestine  and  colon  of  control  and  Sirt6£1/fl;  Lgr5-EGFP-ires- 
CreERT2  mice.  GFP  expression  was  detected  on  intestine  and  colon 
paraffin  sections  by  immunostaining  with  an  anti-GFP  atibody. 


To  corroborate  that  the  effect  of 
SIRT6  on  ISC  expansion  and 

intestinal  tumorigenesis  is  cell-autonomous,  we  planned  to  specifically  delete  SIRT6  on  ISCs.  To 
do  so,  we  crossed  our  Sirt6f,/J1  mice  with  Lgr5-EGFP-ires-CreERT2  mice  (Barker  et  al.,  2007). 
This  system  allows  us  to  delete  SIRT6  in  Lgr5  positive  cells  (ISCs)  as  well  as  to  visualize  ISCs 
by  GFP  expression  after  tamoxifen  injection.  We  have  expanded  our  preliminary  experiments 
and  have  found  an  increase  in  Lgr5  positive  cells  in  both  the  intestine  and  colon  of  Sirtd1®; 
Lgr5-EGFP-ires-CreERT2  mice,  compared  to  control  animals  (Figure  2),  suggesting  that, 
indeed,  deletion  of  SIRT6  in  ISCs  leads  to 
an  expansion  of  the  ISC  compartment, 
which  represent  putative  tumor  initiating 
cells.  Next,  we  have  moved  to  an  in  vitro 
system  and  derived  intestinal  organoids 
from  isolated  intestinal  crypts  from  these 
mice.  Strikingly,  we  have  observed  an 
increase  in  the  number  of  organoids  in 
Sirtd l/^;  Lgr5-EGFP-ires-CreERT2  mice, 
indicating  more  ISC  activity  within  crypts 
lacking  SIRT6  (Figure  3).  Again,  this 
phenotype  could  be  rescued  by  treating  the 
mice  with  DCA,  confirming  our  in  vivo 
results  (Figure  3). 
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Figure  3.  Increased  organoid  formation  in  the  absence  of  SIRT6. 

Quantification  of  intestinal  organoids  derived  from  control  and  Sirt6fl/fl; 
Lgr5-creERT2  mice  untreated  or  treated  with  DCA. 
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All  together,  these  results  indicate  that  modulating  glycolysis  in  ISCs  can  affect  their  activity.  To 
better  understand  their  metabolic  requirements,  we  have  isolated  ISCs  using  the  Lgr5-EGFP- 
ires-CreERT2  mice  described  above.  ISCs  are  defined  as  GFPhlgh  cells,  while  progenitor  cells 
and  more  differentiated  epithelial  cells  express  low  levels  of  GFP  (GFPlow  cells)  (Figure  4 A  and 
4B).  GFPhlgh  and  GFPlow  cells  were  isolated  by  FACS  (fluorescence  activated  cell  sorting)  and 
gene  expression  of  ISC  markers  as  well  as  glycolytic  genes  assessed  by  qPCR  (Figure  4B). 
Remarkably,  the  expression  of  several  key  glycolytic  genes  (Glutl,  Pfkl,  Pdkl  and  Ldhb)  is 
upregulated  in  GFPhlgh  cells,  indicating  that  ISCs  are  activating  a  glycolytic  gene  expression 
program  (Figure  4B).  Furthermore,  immunohistochemistry  experiments  on  intestinal  sections 
confirmed  increased  expression  of  PDK1  in  the  crypt  compartment  where  ISCs  are  (Figure  4C). 


Figure  4.  Increased  glycolytic  gene  expression  in  ISCs.  A)  Cell  sorting  of  GFPhigh  and  GFPlow  cells.  B)  Expression  levels  of  ISC  and  glycolytic  genes  in 
sorted  GFPhigh  and  GFPlow  cells.  C)  IHC  showing  high  levels  of  PDK 1  in  the  intestinal  crypts. 


To  prove  that  high  glycolytic  metabolism  is  functionally  relevant  in  ISCs,  we  analyzed  organoid 
formation  and  growth  by  culturing  freshly  isolated  crypts  in  the  presence  of  DC  A.  As  shown  in  figure 
5,  DCA  treatment  dramatically  decreased  the  number  and  size  of  organoids  compared  to  control 
conditions,  highlighting  the  critical  role  of  glucose  metabolism  reprogramming  for  ISCs  function. 
Together,  these  results  are  in  agreement  with  a  model  in  which  SIRT6  regulates  ISCs  activity  by  controlling 
glucose  metabolism  and,  when  lost,  increased  glycolysis  promotes  ISC  expansion  and  the  generation  of  potential 
tumor-initiating  cells. 
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Figure  5.  DCA  inhibits  ISCs  activity.  Number  (left  pannel)  and  representative  pictures  (right  pannels) 
of  intestinal  organoids  cultured  in  the  absence  or  presence  of  DCA. 


4 


4.  KEY  RESEARCH  ACCOMPLISHMENTS 


-  SIRT6  regulates  the  number  of  intestinal  and  adenoma  stem  cells  by  regulating  glucose 
metabolism. 

-  ISCs  are  more  glycolytic  than  more  differentiated  intestinal  epithelial  cells,  and  increased 
glycolysis  in  these  cells  regulates  their  sternness. 


5.  CONCLUSION 

We  have  demonstrated  that  SIRT6  acts  as  a  potent  tumor  suppressor  in  colorectal  cancer  in  vivo  by 
controlling  glucose  metabolic  reprogramming.  Importantly,  inhibition  of  glycolysis  in  SIRT6-deficient 
mice  dramatically  reduces  intestinal  tumor  initiation  and  growth,  suggesting  that  targeting  glycolysis 
might  potentially  provide  a  new  approach  to  modulate  cancer  growth  in  those  tumors  with  low  SIRT6 
levels.  Data  generated  during  this  year  has  uncovered  a  role  for  SIRT6  as  a  critical  regulator  of  ISC 
activity.  Using  two  different  mouse  models  as  well  as  an  in  vitro  intestinal  organoid  system,  I  have 
found  that  lack  of  SIRT6  increases  the  number  and  activity  of  ISCs,  a  phenotype  that  is  reversed  by 
inhibiting  glycolysis,  indicating  that  enhanced  glycolytic  metabolism  in  the  absence  of  SIRT6  drives 
intestinal  tumorigenesis  by  increasing  the  number  of  tumor-initiating  cells.  Importantly,  an  ISC 
signature  identifies  colorectal  cancer  stem  cells  in  human  patients  and  correlates  with  poorer  disease 
outcome  (Merlos-Suarez  et  al.,  2011).  Therefore,  the  identification  of  the  precise  mechanisms  driving 
the  genesis  of  these  cells  is  of  special  relevance  in  order  to  design  more  effective  therapeutic 
approaches.  Lastly,  we  have  described  glucose  metabolism  requirements  of  ISCs  that  where  previously 
unknown,  which  seems  to  be  important  in  regulating  the  sternness  of  these  cells.  Further  studies 
performed  during  next  year  will  shed  light  on  why  ISCs  need  to  have  such  a  metabolic  reprogramming 
and  how  aerobic  glycolysis  modulates  their  sternness,  as  well  as  its  impact  on  intestinal  regeneration 
and  cancer. 
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VIEWS 


IN  THE  SPOTLIGHT 


Untangling  the  Fiber  Yarn:  Butyrate  Feeds 
Warburg  to  Suppress  Colorectal  Cancer 

Carlos  Sebastian  and  Raul  Mostoslavsky 

Summary:  Dietary  composition  has  an  important  role  in  shaping  the  gut  microbiota.  In  turn,  changes  in  the  diet 
directly  impinge  on  bacterial  metabolites  present  in  the  intestinal  lumen.  Whether  such  metabolites  play  a  role 
in  intestinal  cancer  has  been  a  topic  of  hot  debate.  In  this  issue  of  Cancer  Discovery,  Donohoe  and  colleagues 
show  that  dietary  fiber  protects  against  colorectal  carcinoma  in  a  microbiota-dependent  manner.  Furthermore, 
fiber-derived  butyrate  acts  as  a  histone  deacetylase  inhibitor,  inhibiting  cell  proliferation  and  inducing  apoptosis 


in  colorectal  cancer  cells  experiencing  the  Warburg  effect. 

See  related  article  by  Donohoe  and  colleagues,  p.  1387  (4). 

Colorectal  carcinoma  is  the  third  leading  cause  of  cancer 
mortality  in  the  world  (1).  This  disease  usually  develops 
over  many  years  via  the  accumulation  of  numerous  genetic 
changes.  Although  some  types  of  colorectal  carcinoma  are 
hereditary  (2),  most  colorectal  carcinoma  cases  are  associ¬ 
ated  with  diet  and  lifestyle  (1).  In  line  with  this,  the  intestinal 
microbiota  has  been  proposed  to  be  a  major  contributor  to 
the  development  of  colorectal  carcinoma  (3).  An  increasing 
amount  of  data  has  demonstrated  that  dietary  composition 
has  an  important  effect  on  the  gut  microbiota,  which,  in 
turn,  leads  to  changes  in  bacterial  metabolites  released  to  the 
intestinal  lumen  affecting  intestinal  tumorigenesis.  In  this 
context,  dietary  fiber  is  among  the  most-studied  components 
of  the  diet  in  regard  to  the  pathology  of  colorectal  carcinoma. 
However,  the  role  of  fiber  on  colorectal  carcinoma  is  con¬ 
troversial,  mainly  due  to  the  fact  that  human  cohort-based 
epidemiologic  studies  have  yielded  conflicting  results.  Fur¬ 
thermore,  from  those  studies  claiming  a  protective  role,  it  is 
still  unclear  how  fiber  protects  against  colorectal  carcinoma. 
Two  possible  mechanisms  have  been  proposed.  First,  insolu¬ 
ble  fiber  may  speed  colonic  transit,  decreasing  the  exposure 
time  of  the  colonic  epithelium  to  carcinogens,  and,  second, 
intestinal  bacteria  can  metabolize  soluble  fiber  into  metabo¬ 
lites  with  protective  action,  such  as  short-chain  fatty  acids 
(SCFA).  In  this  issue,  Donohoe  and  colleagues  shed  light  on 
these  controversies  and  elegantly  demonstrate  that,  indeed, 
dietary  fiber  protects  against  colorectal  carcinoma  by  increas¬ 
ing  bacterial  butyrate  levels  in  the  colon,  which  act  as  an 
histone  deacetylase  (HDAC)  inhibitor,  halting  proliferation 
and  promoting  apoptosis  of  colon  cancer  cells  (Fig.  1;  ref.  4). 
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Genetic  heterogeneity,  differences  in  the  composition  of 
the  gut  microbiota,  and  the  utilization  of  different  sources  of 
fiber  are  among  the  possible  causes  underlying  the  inconclu¬ 
sive  results  obtained  from  human  studies  (5).  To  overcome 
these  hurdles,  Donohoe  and  colleagues  used  BALB/c  mice 
with  a  strictly  defined  gut  microbiota  kept  on  gnotobiotic 
isolators,  thus  avoiding  colonization  by  other  commensal 
bacteria  (4).  They  then  colonized  some  of  the  animals  with 
Butyrivibrio  fibrosolvens,  a  butyrate-producing  bacterium,  and 
fed  the  mice  either  low-fiber  or  high-fiber  diets  that  were 
otherwise  identical  in  composition  and  calorically  matched. 
This  experimental  system  allowed  the  authors  to  rule  out 
any  effect  of  differences  in  genetics,  intestinal  microbiota, 
and  fiber  source  on  colorectal  carcinoma  development.  Using 
this  gnotobiotic  mouse  model,  they  found  that  mice  fed  a 
high-fiber  diet  and  colonized  with  B.  fibrosolvens  were  pro¬ 
tected  against  azoxymethane/dextran  sodium  sulfate  (AOM/ 
DSS)-induced  colorectal  carcinoma.  Strikingly,  these  mice 
developed  fewer,  smaller,  and  less  aggressive  tumors  than 
all  the  other  experimental  groups.  Importantly,  high-fiber 
diet  per  se  did  not  have  any  protective  effect  on  this  colorec¬ 
tal  carcinoma  model,  indicating  that  only  in  combination 
with  the  right  microbiota  could  dietary  fiber  be  beneficial 
in  protecting  against  colorectal  carcinoma.  On  the  basis  of 
these  results,  the  authors  propose  that  human  epidemiologic 
studies  should  be  revisited  to  incorporate  differences  in  par¬ 
ticipants’  gut  microbiota  to  better  address  the  role  of  dietary 
fiber  on  colorectal  carcinoma. 

Another  important  conclusion  one  can  immediately  draw 
from  this  result  is  that  a  metabolic  product  from  fiber  fer¬ 
mentation  by  B.  fibrosolvens  must  be  involved  in  the  tumor- 
suppressive  effect  of  dietary  fiber.  In  line  with  this  possibility, 
mice  fed  a  high-fiber  diet  and  colonized  with  B.  fibrosolvens  had 
increased  luminal  levels  of  butyrate,  but  not  acetate  and  propi¬ 
onate,  the  other  two  major  SCFAs.  This  result  clearly  points  to 
butyrate  as  a  key  bacterial  metabolite  inhibiting  colorectal  car¬ 
cinoma  development.  To  confirm  this  hypothesis,  the  authors 
modulated  luminal  butyrate  levels  by  two  different  means.  First, 
they  colonized  mice  with  a  mutant  B.  fibrosolvens  strain  (that 
produces  7-fold  less  butyrate  when  cultured)  and  fed  them  a 


1368  |  CANCER  DISCOVERY  DECEMBER  2014 


www.aacrjournals.org 


VIEWS 


Fiber 

CZ3 

Glucose  O 


er 

\"  °  o 

C2- - ►  Butyr 


Butyrate  Glucose 


Fiber 

/  ol« >  X  o 

c=3  •  cZ* - ►  Butyr 


Butyrate 


Glucose 

I 

J— »  — *•  — «•  Anaplerosis 


HDACs 


Tfas 

t  p21,  p27 


Colorectal  cancer  cell 


Figure  1.  High-fiber  diet  leads  to 
butyrate  production  in  the  colon  by  the 
action  of  butyrate-producing  bacteria 
(yellow  ovals),  which  is  used  by  colonic 
epithelial  cells  as  a  primary  source  of 
energy.  However,  cancer  cells  use  glucose 
to  obtain  energy  and  feed  anaplerotic 
reactions  (Warburg  effect),  leading  to  the 
accumulation  of  nonoxidized  butyrate, 
which  acts  as  an  HDAC  inhibitor,  in 
turn  increasing  histone  acetylation  and 
expression  of  key  proapoptotic  and  cell- 
cycle  regulatory  genes  suppressing  tumor 
growth. 


low-fiber  or  high-fiber  diet  as  before.  After  AOM/DSS  treat¬ 
ment,  they  found  that  mutant  B.  jibrosolvens  conferred  an 
attenuated  protective  effect  to  high-fiber  diet  in  these  mice. 
Alternatively,  they  provided  control  mice  a  tributyrin-fortified 
diet,  which  increases  colonic  butyrate  levels  independently  of 
microbiota.  Following  the  AOM/DSS  regimen,  these  mice  were 
almost  completely  protected  against  colorectal  carcinoma, 
indicating  that  exogenous  butyrate  could  recapitulate  the  pro¬ 
tective  effect  of  high-fiber  diet  and  B.  jibrosolvens.  Together, 
these  two  experiments  clearly  demonstrated  that  fiber  fermen¬ 
tation  by  B.  jibrosolvens  protects  from  colorectal  carcinoma  by 
increasing  luminal  levels  of  bacterial  butyrate. 

The  tumor-protective  effect  of  butyrate  has  been  mainly 
attributed  to  its  anti-inflammatory  properties.  Butyrate  down- 
regulates  the  expression  of  proinflammatory  cytokines  in 
colonic  macrophages,  and  it  has  been  shown  to  regulate 
colonic  regulatory  T  cells  in  mice,  which  have  a  crucial  role  in 
controlling  intestinal  inflammation  (3).  However,  the  authors 
did  not  find  any  difference  in  the  number  of  regulatory  T 
cells  and  associated  cytokines  among  all  the  experimental 
groups,  ruling  out  reduced  inflammation  as  a  cause  for  the 
protective  effect  of  butyrate.  On  the  basis  of  their  previous 
work,  the  authors  hypothesized  that  the  tumor-suppressive 
role  of  butyrate  in  colorectal  carcinoma  could  be  related  to 
the  metabolic  differences  exhibited  by  normal  and  cancerous 
colonocytes.  Butyrate  represents  the  primary  source  of  energy 
in  normal  colonic  epithelial  cells  (6).  However,  colorectal  carci¬ 
noma  cells,  like  most  cancer  cells,  display  an  increased  glucose 
uptake  and  metabolism,  a  phenomenon  termed  the  "Warburg 
effect”  for  the  German  scientist  who  originally  described  it  in 
the  early  20th  century.  Such  a  switch  toward  glycolytic  metabo¬ 
lism  is  required  to  sustain  their  energetic  and  anaplerotic 
demands.  As  a  consequence,  butyrate  is  not  catabolized  in 


these  cells  to  the  same  extent  and,  therefore,  accumulates  to 
such  a  concentration  that  it  can  act  as  an  HDAC  inhibitor  (7). 
Indeed,  the  authors  found  increased  levels  of  butyrate  in  the 
tumors  of  mice  colonized  with  B.  jibrosolvens  and  fed  a  high- 
fiber  diet,  suggesting  that  more  butyrate  molecules  could  be 
available  to  function  as  an  HDAC  inhibitor.  Consistent  with 
this,  H3  acetylation  levels  are  increased  in  the  tumors  of  these 
mice,  compared  with  adjacent  normal  colonocytes  and  tumors 
from  control  mice.  Importantly,  the  authors  found  increased 
histone  H3  acetylation  at  the  promoter  region  of  key  proap¬ 
optotic  and  cell-cycle  genes,  such  as  FAS,  p21,  and  p27,  leading 
to  increased  expression  of  these  genes  and  the  concomitant 
inhibition  of  cell  proliferation  and  induction  of  apoptosis  of 
colorectal  carcinoma  cells.  Finally,  the  authors  extended  these 
observations  to  human  colorectal  carcinoma  samples,  where 
they  detected  elevated  levels  of  butyrate  and  H3  acetylation 
compared  with  matched  normal  mucosa. 

Collectively,  this  body  of  work  provides  convincing  evi¬ 
dence  that  dietary  fiber,  when  combined  with  butyrate- 
producing  bacteria,  can  protect  from  colorectal  carcinoma 
by  providing  tumors  with  high  levels  of  butyrate  to  act  as 
an  HDAC  inhibitor,  thus  impairing  tumor  growth  (Fig.  1). 
However,  it  also  raises  several  intriguing  questions.  Which 
other  species  of  bacteria  are  important  in  colorectal  car¬ 
cinoma  protection?  Although  this  study  has  focused  on 
B.  jibrisolvens,  a  type  of  bacteria  common  in  ruminant  ani¬ 
mals,  a  large  number  of  genera,  including  SCFA-producing 
species,  have  been  identified  in  the  human  colon  (8).  In  this 
context,  different  species  could  generate  luminal  butyrate  at 
lower  concentrations,  inducing  aberrant  proliferation  and 
transformation  of  colon  epithelial  cells,  as  recently  reported 
in  an  APCUml+MSH  !  model  of  colorectal  carcinoma  (9).  In 
the  same  way,  can  other  bacterial  metabolites  play  a  role  in 
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the  tumor-suppressive  effect  of  dietary  fiber?  The  modest 
decrease  in  tumor  protection  shown  in  mice  colonized  with 
mutant  B.fibrisolvens  suggests  that  this  very  likely  could  be  the 
case.  It  would  be  fascinating  to  elucidate  which  metabolites 
these  are,  and  their  effect  on  colorectal  carcinoma  prevention 
as  well  as  in  the  metabolism  of  colon  cancer  cells.  Finally, 
better  knowledge  of  how  to  modulate  our  intestinal  flora  by 
changing  our  diet  would  definitely  help  us  to  elucidate  the 
complex  interaction  between  diet,  intestinal  flora,  and  colo¬ 
rectal  carcinoma  prevention. 
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Metabolic  reprogramming  has  recently  emerged  as  a  key  feature  of  cancer  cells,  which  need  to  rewire 
their  cellular  metabolism  in  order  to  sustain  their  faster  proliferation  and  growth.  New  insight  into  the 
molecular  mechanisms  governing  this  metabolic  reprogramming  has  implicated  mammalian  sirtuins  as 
important  regulators  of  cancer  metabolism.  Sirtuins  are  NAD+-dependent  protein  deacylases  involved 
in  a  variety  of  biological  functions,  including  life  span  and  health  span  regulation,  genomic  stability, 
tumorigenesis,  inflammation,  and  metabolism.  Due  to  the  requirement  of  NAD+  for  their  function,  sirtuins 
can  act  as  sensors  of  the  metabolic  state  of  the  cell  and  regulate  core  metabolic  pathways  in  response  to 
cellular  stresses,  thus  being  good  candidates  to  control  the  reprogramming  of  cellular  metabolism  that 
occurs  during  tumorigenesis.  Here,  we  summarize  our  current  knowledge  of  the  roles  of  mammalian 
sirtuins  in  cancer  metabolism,  and  discuss  their  implication  in  controlling  this  metabolic  shift  during 
aging  and  aging-associated  cancers. 
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1.  Introduction 

One  of  the  key  features  of  cancer  cells  is  their  uncontrolled  rate 
of  cell  division.  In  order  to  sustain  this  increased  proliferation, 
cancer  cells  need  to  readjust  their  cellular  metabolism  to  meet 
three  basic  requirements:  ATP  production  to  fulfill  their  energetic 
demands,  biosynthesis  of  precursors  to  build  up  macromolecules, 
and  maintenance  of  cellular  redox  status.  Indeed,  the  observation 
that  cancer  cells  display  a  different  cellular  metabolism  than 
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normal  cells  was  first  described  by  Otto  Warburg  more  than  50 
years  ago  [1].  In  cancer  cells,  glucose-derived  pyruvate  is  not  fully 
oxidized  in  the  TCA  cycle.  Instead,  it  is  converted  to  lactate  even  in 
the  presence  of  oxygen,  and  this  metabolic  switch  is  required  for 
cancer  cells  to  proliferate.  This  finding  was  interpreted  for  many 
years  as  an  adaptive  response  of  cancer  cells  to  their  increased 
proliferation.  However,  recent  work  has  reset  this  idea  by  demon¬ 
strating  that  metabolic  reprogramming  is  a  fundamental  trait  of 
all  cancer  cells,  one  that  is  directly  regulated  by  oncogenes  and 
tumor  suppressors  [2,3].  Moreover,  as  described  in  other  chapters 
of  this  series  of  reviews,  extensive  work  done  in  the  last  decade  has 
extended  Warburg's  observation  to  other  core  cellular  metabolic 
pathways.  In  a  similar  way  as  glucose-derived  carbon  is  shunted 
to  biosynthetic  reactions  to  build  up  amino  acids,  lipids  and 
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nucleotides,  glutamine  and  serine  metabolism  are  also  rewired 
to  provide  carbon  and  nitrogen  equivalents  to  sustain  anaplerotic 
reactions  [4,5].  Together,  all  these  metabolic  changes  are  essential 
to  fuel  cell  proliferation  and  tumor  growth  and,  therefore,  cancer 
metabolism  has  been  recently  upgraded  to  a  hallmark  of  cancer  [6], 
Several  signaling  pathways  and  transcription  factors  have  been 
identified  to  regulate  the  rewiring  of  central  metabolic  pathways 
during  tumorigenesis,  such  as  activation  of  PI3K,  stabilization  of 
HIF-1,  increased  expression  of  MYC,  suppression  of  the  metabolic 
sensor  AMPK  and  loss  or  mutation  of  the  tumor  suppressor  p53  [2], 
Importantly,  new  insight  into  the  regulation  of  metabolic  repro¬ 
gramming  in  cancer  cells  has  implicated  the  mammalian  homologs 
of  the  yeast  protein  Sir2,  the  so-called  sirtuins,  as  key  molecu¬ 
lar  determinants  in  controlling  cancer  metabolism.  In  mammals, 
there  are  7  sirtuin  members  (SIRT1-7),  which  play  prominent  roles 
in  aging,  metabolism,  cancer,  inflammation,  DNA  repair  and  cellu¬ 
lar  responses  to  stress  [7].  Out  of  the  seven  sirtuins,  S1RT3,  SIRT4 
and  SIRT6  have  been  recently  shown  to  directly  regulate  metabolic 
reprogramming  in  cancer  cells.  Moreover,  SIRT1,  SIRT2  and  SIRT7 
could  potentially  control  cancer  metabolism  by  modulating  the 
activity  of  some  important  metabolic  regulators.  In  this  review,  we 
summarize  our  current  knowledge  about  the  function  of  this  family 
of  proteins  in  regulating  metabolism  in  the  context  of  tumorigene¬ 
sis  and  discuss  their  putative  role  in  connecting  cancer  metabolism 
and  aging. 


2.  Sirtuins 

The  founding  member  of  the  sirtuin  family,  Sir2  (silencing  infor¬ 
mation  regulator  2),  was  originally  discovered  as  a  silencing  factor 
in  Saccharomyces  cerevisiae  [8].  Almost  two  decades  later,  Sir2  came 
out  as  a  top  candidate  in  a  screen  for  modulators  of  yeast  life  span 
[9],  Sir2  was  found  to  promote  longevity  by  suppressing  the  forma¬ 
tion  of  extrachromosomal  ribosomal  DNA  circles  in  yeast  [10].  Soon 
after  these  findings,  work  done  by  the  same  laboratory  demon¬ 
strated  that  Sir2  was  a  NAD+-dependent  deacetylase  required  for 
yeast  life  span  extension  upon  calorie  restriction  (CR)  [11,12],  The 
discovery  of  the  biochemical  activity  of  Sir2  and  its  implication  in 
the  aging  process  were  the  inception  of  a  new  field  in  biology  that 
rapidly  expanded:  the  study  of  Sir2  and  its  mammalian  homologs, 
the  sirtuins.  Despite  some  controversy  regarding  Sir2  pro-longevity 
effects  [13,14],  these  initial  findings  prompted  many  laboratories  to 
characterize  the  function  of  the  seven  mammalian  sirtuins,  termed 
S1RT1-7. 

All  mammalian  sirtuins  contain  a  conserved  catalytic  domain 
including  a  large  and  structurally  homologous  Rossmann-fold 
domain  for  NAD+  binding,  and  a  more  structurally  diverse,  smaller, 
zinc-binding  domain  [15],  However,  their  N-  and  C-termini  differ  in 
sequence  and  length,  which  might  explain  their  different  subcellu- 
lar  localization,  targets  and  functions  [7]  (Fig.  1 ;  Table  1 ).  SIRT1  and 
S1RT2  are  found  in  the  cytoplasm  and  in  the  nucleus,  S1RT3-5  are 
mitochondrial  sirtuins  while  S1RT6  and  SIRT7  are  mainly  found  in 
the  nucleus  [16].  Biochemically,  mammalian  sirtuins  are  primar¬ 
ily  NAD+-dependent  lysine  deacetylases.  However,  some  recent 
data  has  demonstrated  that  some  sirtuins  have  evolved  to  remove 
other  acyl  groups,  such  as  succinyl,  malonyl,  glutaryl  and  long 
chain  fatty  acyl  groups  [17-21].  Moreover,  S1RT4  and  SIRT6  pos¬ 
sess  ADP-ribosyltransferase  activity,  yet  its  biological  relevance 
remains  to  be  fully  established  [22-25],  Together,  all  these  enzy¬ 
matic  activities  are  essential  for  mammalian  sirtuins  to  modulate 
a  variety  of  physiological  processes,  such  as  transcriptional  regu¬ 
lation,  genomic  stability,  cellular  responses  to  stress,  metabolism, 
inflammation,  aging  and  cancer  [7]  (Fig.  1). 

Mouse  models  to  study  the  function  of  mammalian  sirtuins  have 
been  recently  generated.  From  the  analysis  of  their  genotype,  one 


can  immediately  infer  that  this  family  of  proteins  has  prominent 
roles  in  regulating  metabolism.  Due  to  their  NAD+  dependency, 
sirtuin  activity  is  tightly  linked  to  the  metabolic  state  of  the  cell; 
thus,  it  has  been  proposed  that  sirtuins  can  act  as  metabolic  sen¬ 
sors  coordinating  cellular  responses  to  metabolic  stresses.  Indeed, 
nearly  every  sirtuin  plays  a  role  in  regulating  metabolism  and 
energy  homeostasis  by  controlling  multiple  metabolic  pathways, 
such  as  lipid  and  glucose  metabolism,  ketone  bodies  synthesis, 
urea  cycle  and  insulin  secretion  [7,26],  Furthermore,  sirtuins  appear 
to  be  key  players  in  the  beneficial  effects  of  CR  on  healthy  life 
span  extension.  CR  promotes  the  expression  of  nicotinamide  phos- 
phoribosyltransferase  (NAMPT),  a  rate-limiting  enzyme  of  NAD+ 
biosynthesis,  leading  to  an  increase  in  intracellular  levels  of  NAD+, 
and  concomitantly,  to  the  activation  of  sirtuin  activity  [11,27], 
Importantly,  SIRT1  and  S1RT3  improve  healthy  aging  in  mice  by 
protecting  against  several  age-related  pathologies  [28-30],  and 
brain-specific  SIRT1-  and  whole  body  SlRT6-overexpressing  mice 
exhibit  extended  life  span  [31,32],  highlighting  the  importance  of 
sirtuins  in  mammalian  healthy  life  span  and  aging. 

Aging  is  one  of  the  most  potent  factors  contributing  to  can¬ 
cer,  whose  incidence  increases  exponentially  with  age  [33],  Due 
to  their  role  in  regulating  longevity  and  age-related  pathologies, 
sirtuins  represent  good  candidates  to  control  tumorigenesis  as 
well.  Indeed,  almost  every  sirtuin  has  been  implicated  in  neoplas¬ 
tic  transformation  with  both  tumor  suppressive  and  promoting 
functions  depending  on  the  specific  tumor  type,  cellular  context 
and  signaling  pathway  affected  [7,34],  Initially,  most  of  the  studies 
involving  sirtuins  in  cancer  focused  on  their  ability  to  control  cel¬ 
lular  stress  responses  and  DNA  repair.  However,  as  detailed  below, 
a  large  body  of  evidence  has  recently  shown  that  sirtuins  have  a 
prominent  role  in  tumorigenesis  by  regulating  energy  metabolism 
in  cancer  cells  [35-39].  Thus,  it  appears  that  this  family  of  proteins 
could  be  at  the  crossroad  of  metabolism,  cancer  and  aging. 


3.  Mitochondrial  sirtuins:  controlling  tumor  growth  from 
the  powerhouse 

3.1.  SIRT3  acts  as  a  tumor  suppressor  by  inhibiting  glycolysis 

As  mentioned  before,  S1RT3,  SIRT4  and  SIRT5  reside  in  the 
mitochondria,  where  they  control  numerous  aspects  of  mitochon¬ 
drial  metabolism.  S1RT3  is  the  most  studied  and  best  characterized 
among  mitochondrial  sirtuins.  It  has  a  very  robust  deacetylase 
activity  and  represents  the  major  regulator  of  the  mitochondrial 
acetylome.  SIRT3  KO  mice  and  cells  exhibit  increased  mitochon¬ 
drial  protein  acetylation  [40,41],  and  SIRT3  has  been  shown  to 
control  the  acetylation  of  a  vast  number  of  mitochondrial  proteins 
in  response  to  CR  and  fasting  [42,43].  By  deacetylating  and  control¬ 
ling  the  activity  of  its  targets,  S1RT3  regulates  multiple  metabolic 
pathways,  some  of  which  could  have  profound  consequences  for 
tumor  growth  [26],  Indeed,  S1RT3  has  been  found  to  be  a  tumor 
suppressor,  mainly  by  inhibiting  mitochondrial  ROS  production 
through  deacetylation  and  activation  of  SOD2,  IDH2  and  Fox03a 
[29,37,44-47],  Loss  of  SIRT3  leads  to  an  increase  in  ROS  levels, 
which  via  stabilization  of  HlFla,  drives  a  metabolic  reprogramming 
towards  aerobic  glycolysis  promoting  tumor  growth  [37,44  .  Fur¬ 
thermore,  SIRT3  regulates  glycolytic  metabolism  by  deacetylating 
and  activating  pyruvate  dehydrogenase  (PDH)-Ela  [48,49]  PDH  is 
a  key  glycolytic  enzyme  that  converts  pyruvate  into  acetyl-CoA, 
which  will  be  further  oxidized  in  the  TCA.  Reduced  PDH  activity  is 
a  feature  of  cancer  cells,  mainly  due  to  overexpression  of  pyruvate 
dehydrogenase  kinases  (PDK),  which  phosphorylate  and  inactivate 
PDH.  SIRT3  deacetylates  PDH-Ela  at  lysine  321  increasing  its  activ¬ 
ity,  and  thus  promoting  pyruvate  oxidation  in  the  mitochondria. 
Lack  of  SIRT3  or  expression  of  a  mutant  PDH-Ela  mimicking  a 
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Fig.  1.  Biological  and  metabolic  functions  of  the  different  mammalian  sirtuins.  Dashed  lines  indicate  known  biological  targets  where  their  involvement  in  cancer  remains  to 
be  established. 


constitutively  acetylated  lysine  321  (K321Q)  decrease  PDH  activity 
and  promote  aerobic  glycolysis,  increasing  the  tumorigenic  poten¬ 
tial  of  cancer  cells  [48],  Finally,  S1RT3  has  been  recently  described 
as  a  critical  regulator  of  pancreatic  tumor  growth  by  controlling 
the  malate-aspartate  NADH  shuttle  activity  [50].  This  shuttle  is 
important  to  transfer  NADH  from  the  cytosol  into  the  mitochondria 
to  sustain  a  high  rate  of  glycolysis  in  tumor  cells.  S1RT3  deacety- 
lates  mitochondrial  glutamate  oxaloacetate  transaminase  (GOT2), 
a  key  enzyme  controlling  the  malate-aspartate  NADH  shuttle,  at 
lysines  159,  185  and  404.  Increased  GOT2  acetylation  in  absence 
of  SIRT3  promotes  the  net  transfer  of  cytosolic  NADH  into  the 


mitochondria,  supporting  ATP  production  and  cancer  cell  prolif¬ 
eration.  Importantly,  GOT2  K159  acetylation  is  increased  in  human 
pancreatic  tumors,  which  correlates  with  reduced  SIRT3  expres¬ 
sion  [50],  Moreover,  S1RT3  expression  is  also  downregulated  in 
breast  cancer,  colon  carcinoma,  osteosarcoma,  and  hepatocellu¬ 
lar  carcinoma,  and  SIRT3  KO  mice  develop  spontaneous  mammary 
tumors,  further  supporting  a  tumor-suppressor  role  for  this  protein 
[37,44,45,51,52], 

Despite  not  having  been  directly  assessed,  other  SIRT3- 
regulated  metabolic  pathways  could  potentially  have  a  role  in 
metabolic  rewiring  during  tumorigenesis.  SIRT3  has  a  prominent 


Table  1 

Biochemical  properties  of  mammalian  sirtuins  relevant  in  cancer  metabolism. 


Sirtuin 

Cellular  localization 

Biochemical  activity 

Targets 

Metabolic  pathway 

SIRT1 

Cytoplasm 

Deacetylase 

HIF-la/HIF-2oi 

Unknown 

MYC 

Glycolysis  ( LDHa  expression) 

Nucleus 

Deacetylase 

Unknown 

Unknown 

SIRT2 

Cytoplasm 

Deacetylase 

HIF-la/CDHl/PGAM 

Glycolysis 

G6PD 

Pentose  Phospate  Pathway 

MYC 

Unknown 

Nucleus 

Deacetylase 

Unknown 

Unknown 

SIRT3 

Mitochondria 

Deacetylase 

S0D2/lDH2/F0X03a 

Glycolysis 

PDH-Ela 

Glycolysis 

GOT2 

Mal-Asp  NADH  shuttle 

Complex  1, 11,  V 

Unknown 

Cytoplasm 

Deacetylase 

ACSS2 

Unknown 

SIRT4 

Mitochondria 

ADP-ribosylase 

GDH 

Glutamine  metabolism 

Lipoamidase 

PDH 

Unknown 

SIRT5 

Mitochondria 

Desuccinylase 

GLS 

Unknown 

PDH/SDH/SODl 

Unknown 

SIRT6 

Nucleus 

Deacetylase 

H3K9ac 

Glycolysis 

H3K56ac 

Glutamine  metabolism 
Ribosome  biogenesis 

SIRT7 

Nucleus 

Deacetylase 

H3K18ac 

Unknown 

Cytoplasm 

Deacetylase 

HIF-la/HIF-2a 

Unknown 
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role  in  promoting  an  efficient  electron  transport  chain  (ETC)  func¬ 
tion  by  deacetylating  several  components  of  the  ETC  complex  I 
(such  as  NDUFA9),  complex  II  (SDHA)  and  complex  V  (ATP  syn¬ 
thase  subunit  (3)  [53-55],  In  this  way,  SIRT3  maintains  cellular 
ATP  levels  by  promoting  oxidative  phosphorylation,  thus  avoid¬ 
ing  potential  activation  of  a  Warburg-like  metabolism.  Moreover, 
keeping  an  efficient  ETC  reduces  the  levels  of  reactive  oxygen 
species  (ROS),  which,  as  noted  before,  are  important  regulators 
of  the  Warburg  effect.  On  the  other  hand,  SIRT3  regulates  acetate 
metabolism  by  deacetylating  and  activating  acetyl-CoA  synthetase 
2  (ACSS2)  [56,57].  ACSS2  catalyzes  the  conversion  of  acetate  into 
acetyl-CoA  and,  as  recently  reported,  it  is  overexpressed  in  can¬ 
cer  cells  to  produce  enough  acetyl-CoA  to  build  up  lipid  biomass 
to  fuel  cell  proliferation,  in  particular  under  hypoxic  conditions 
[58-60],  In  this  context,  it  could  be  possible  that  S1RT3  could  act  as 
an  oncogene  to  promote  acetate  utilization  in  cancer  cells  through 
activation  of  ACSS2.  Indeed,  it  has  been  described  that  SIRT3  has 
some  tumor  promoting  roles  in  specific  types  of  cancer  [61-63], 
Overall,  despite  being  described  as  a  tumor  suppressor,  it  is  likely 
that  SIRT3  may  act  as  a  tumor  suppressor  or  an  oncogene,  in  a  tissue 
and  context-specific  manner. 

3.2.  SIRT4  limits  tumor  growth  via  repression  of  glutamine 
metabolism 

Recent  studies  have  shown  that  SIRT4  has  important  roles  in 
cell  metabolism  and  carcinogenesis  as  well.  Despite  having  a  con¬ 
served  deacetylase  domain,  SIRT4  was  initially  described  to  have 
robust  ADP-ribosyltransferase  activity  22,24].  The  mitochondrial 
enzyme  glutamate  dehydrogenase  (GDH)  was  the  first  substrate 
of  SIRT4  to  be  identified  [24],  GDH  is  a  key  enzyme  in  glutamine 
metabolism  and  catalyzes  the  conversion  of  glutamate  into  a- 
ketoglutarate.  SIRT4  ADP-ribosylates  GDH  to  repress  its  activity 
resulting  in  a  blockade  of  glutamine  metabolism  and  a  suppression 
of  amino-acid-stimulated  insulin  secretion  in  pancreatic  (3-cells 
[24].  Recent  data  has  demonstrated  that  SIRT4  also  possesses  a 
biologically  relevant  deacetylase  activity.  SIRT4  deacetylates  and 
inhibits  malonyl-CoA  decarboxylase,  the  enzyme  responsible  for 
the  generation  of  acetyl-CoA  from  malonyl-CoA,  thus  controlling 
fatty  acid  oxidation  [64].  Moreover,  SIRT4  also  suppresses  fatty  acid 
oxidation  by  modulating  the  activity  of  PPARa  and  AMPK  [65,66], 
Finally,  a  new  enzymatic  activity  has  been  recently  associated  with 
this  mitochondrial  sirtuin.  SIRT4  can  hydrolyze  lipoamide  groups 
from  proteins,  acting  as  a  cellular  lipoamidase  [67].  In  particular, 
SIRT4  removes  lipoamide  cofactors  from  the  E2  component  dihy- 
drolipoyllysine  acetyltransferase  (DLAT)  of  PDH,  diminishing  its 
activity  [67], 

As  observed  for  SIRT3,  SIRT4  expression  is  downregulated  in  a 
variety  of  human  tumors,  including  breast,  colon,  bladder,  gastric, 
ovarian,  thyroid  and  lung  cancers,  supporting  a  role  for  this  sirtuin 
as  a  tumor  suppressor  [35,68-70],  In  line  with  this,  SIRT4  KO  mice 
display  increased  incidence  of  solid  tumors,  especially  lung  tumors 
[35  .  Mechanistically,  SIRT4  suppresses  tumorigenesis  by  inhibiting 
glutamine  metabolism  and  promoting  genomic  stability  35,36,71  ]. 
As  mentioned  before,  cancer  cells  avidly  uptake  glutamine  to  use 
it  as  an  anaplerotic  substrate  to  feed  the  TCA  cycle.  Glutamine- 
derived  a-ketoglutarate  is  used  to  replenish  the  TCA  cycle  to 
support  the  biosynthesis  of  other  amino  acids  and  fatty  acids.  More¬ 
over,  in  tumor  cells  with  defective  mitochondria  or  under  hypoxia, 
the  TCA  cycle  is  inhibited,  yet  glutamine  can  still  contribute  to  lipid 
biosynthesis  by  reductive  carboxylation  of  a-ketoglutarate  into 
citrate  through  a  reverse  enzymatic  reaction  of  isocitrate  dehydro¬ 
genase  (IDH)  [72,73],  Therefore,  by  inhibiting  the  activity  of  GDH, 
SIRT4  controls  this  key  step  in  glutamine  metabolism  reprogram¬ 
ming  in  cancer  cells,  in  turn  promoting  tumor  growth.  In  this  line  of 
evidence,  it  has  been  shown  that  DNA  damaging  agents  induce  the 


expression  of  SIRT4  to  repress  glutamine  metabolism  and  halt  cell 
proliferation,  allowing  the  cell  to  repair  the  damage.  Accordingly, 
loss  of  SIRT4  results  in  increased  glutamine-dependent  prolifer¬ 
ation  and  stress-induced  genomic  instability,  promoting  tumor 
growth  [35],  SIRT4-dependent  inhibition  of  glutamine  metabolism 
has  been  also  reported  to  suppress  MYC-driven  human  Burkitt 
lymphoma  [71].  Due  to  the  aberrant  activation  of  the  transcrip¬ 
tion  factor  MYC,  which  regulates  glutamine  metabolism  [74,75], 
Burkitt  lymphoma  cells  exhibit  increased  glutamine  uptake  and 
metabolism.  Overexpression  of  SIRT4  in  these  cells  reduces  glu¬ 
tamine  utilization  and  glutamine-dependent  proliferation,  and 
sensitizes  them  to  glucose  depletion.  Moreover,  SIRT4  deletion 
in  a  mouse  model  of  Burkitt  lymphoma  increases  tumorigenesis 
and  mortality  by  increasing  glutamine  metabolism  [71],  Finally, 
mTORCl  activation,  which  has  been  linked  to  glutamine  addic¬ 
tion  in  cancer  cells  [76],  represses  SIRT4  expression  by  promoting 
proteasome-mediated  degradation  of  cAMP-responsive  element 
binding  2  (CREB2),  a  SIRT4  transcriptional  regulator  [36],  Similarly, 
C-terminal-binding  protein  (CtBP),  a  transcription  factor  control¬ 
ling  tumor  initiation,  progression  and  metastasis,  has  been  found 
to  have  an  essential  role  in  promoting  glutaminolysis  by  directly 
repressing  the  expression  of  SIRT4  in  cancer  cells  [77], 

S1RT4  could  also  act  as  an  oncogene  by  promoting  glucose 
metabolic  reprogramming  in  cancer  cells  via  inhibition  of  PDH. 
As  noted  before,  SIRT4  functions  as  a  lipoamidase  to  diminish 
PDH  activity,  a  feature  of  cells  experiencing  Warburg  effect.  How¬ 
ever,  overexpression  or  increased  activity  of  SIRT4  in  tumors  has 
not  been  documented  to  date.  Therefore,  further  experiments  are 
needed  to  confirm  this  hypothesis  and  determine  the  functional 
role  of  SIRT4  ADP-ribosyltransferase  and  lipoamidase  activities  in 
the  context  of  tumorigenesis. 

3.3.  SIRT5  and  cancer 

Although  initially  considered  a  deacetylase  based  on  its  homol¬ 
ogy  to  other  sirtuins  [78],  more  recent  work  has  demonstrated 
that  SIRT5  functions  primarily  as  a  malonyl,  succinyl  and  glu- 
taryl  deacylase  [17,20,21,42,79],  As  SIRT3  might  be  considered  a 
regulator  of  the  mitochondrial  acetylome,  SIRT5  has  emerged  as 
the  sirtuin  controlling  the  mitochondrial  succinylome  and  glu- 
tarylome  due  to  the  large  amount  of  substrates  with  significant 
increase  in  these  post-translational  modifications  found  in  SIRT5 
KO  mice  and  tissues.  Among  them,  several  proteins  implicated  in 
diverse  metabolic  pathways  have  been  identified.  SIRT5  regulates 
the  urea  cycle  by  deacetylating,  desuccinylating  and  deglutarylat- 
ing  carbamoyl  phosphate  synthetase  1  (CPS1),  in  turn  increasing 
its  activity  [17,21,80,81].  CPS1  catalyzes  the  first  step  of  the  urea 
cycle  for  ammonia  detoxification  in  the  liver  and,  to  a  lesser  extent, 
in  the  kidney.  Importantly,  SIRT5  has  also  been  reported  to  reg¬ 
ulate  ammonia  production  and  ammonia-induced  autophagy  in 
non-liver  cells  by  regulating  glutamine  metabolism.  Mechanisti¬ 
cally,  S1RT5  desuccinylates  and  inhibits  glutaminase,  the  enzyme 
catalyzing  the  conversion  of  glutamine  into  glutamate  in  a  reaction 
producing  ammonia  [82],  Furthermore,  SIRT5  plays  an  important 
role  in  ROS  detoxification,  as  it  desuccinylates  and  activates  Cu/Zn 
superoxide  dismutase  (SOD1)  [83],  a  key  antioxidant  enzyme. 
SIRT5  also  controls  glucose  oxidation  by  repressing  the  activity  of 
PDH-Ela  and  succinate  dehydrogenase  (SDH)  by  directly  desuc¬ 
cinylating  these  enzymes  [79].  Importantly,  SOD1,  PDH-  Ela  and 
SDH  have  been  implicated  in  tumorigenesis.  SOD1  expression  has 
been  found  to  be  upregulated  in  breast  cancer  cell  lines  [84],  and 
its  overexpression  correlates  with  increased  growth  of  lung  cancer 
cells  [85,86].  Interestingly,  mutation  of  the  SOD1  succinylation  site 
inhibits  the  growth  of  lung  cancer  cells,  suggesting  that  SIRT5  could 
promote  tumor  growth  by  desuccinylating  and  activating  SOD1 
[83].  As  noted  before,  suppression  of  PDH  activity  is  important 
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for  cancer  cells  to  reprogram  their  glucose  metabolism.  Moreover, 
inactivating  mutations  in  SDH  have  been  associated  with  tumorige- 
nesis  by  stabilizing  HIF-la  [87]-  Therefore,  SIRT5  could  potentially 
act  as  an  oncogene  by  inactivating  these  enzymes,  thus  promot¬ 
ing  glucose  metabolic  reprogramming  and  tumor  growth.  In  line 
with  this,  the  genomic  region  comprising  the  SIRT5  locus  has  been 
recently  found  to  be  amplified  in  30%  of  human  high-grade  serous 
ovarian  carcinomas,  and  S1RT5  is  overexpressed  in  advanced  non¬ 
small  cell  lung  carcinoma  [88,89], 


4.  SIRT6:  bridging  chromatin  and  cancer  metabolism 

S1RT6  is  almost  exclusively  localized  to  chromatin,  where  it 
functions  primarily  as  a  histone  deacetylase  by  removing  acetyl 
groups  from  lysines  9  and  56  of  histone  H3  [90-92],  However, 
it  has  been  reported  that  in  vitro  SIRT6  deacetylase  activity  is 
very  weak,  being  about  1000  fold  lower  than  SIRT1  deacety¬ 
lase  activity  18,19],  This  discrepancy  between  S1RT6  in  vivo  and 
in  vitro  enzymatic  activity  has  been  in  part  attributed  to  the  fact 
that  SIRT6  requires  to  be  in  a  full  nucleosome  context  (rather 
that  purified  histones)  to  be  fully  active  93],  and  recent  work 
demonstrated  that  SIRT6  deacetylase  activity  is  highly  increased 
by  free  fatty  acids  (which  were  not  present  in  the  initial  in  vitro 
studies)  [18],  In  addition  to  its  deacetylase  activity,  SIRT6  also 
exhibits  deacylase  and  ADP-ribosyltransferase  activities.  SIRT6 
removes  long-chain  fatty  acyl  groups  (myristoyl  and  palmitoyl) 
from  lysine  residues  in  vitro  [18  ,  and  demyristoylates  TNFa  at 
lysines  19  and  20  allowing  TNFa  to  be  secreted  by  macrophages 
[19  .  Although  very  weak,  SIRT6  ADP-ribosyltransferase  activity 
appears  to  be  biologically  relevant  in  the  context  of  DNA  damage 
upon  oxidative  stress,  since  SIRT6  ADP-risbosylates  poly-ADP- 
ribose-polymerase  (PARP1 )  stimulating  its  activity,  thus  promoting 
DNA  repair  [94],  Moreover,  SIRT6-dependent  ADP-ribosylation  of 
the  nuclear  corepressor  protein  KAP1  contributes  to  the  packaging 
of  retrotransposons  into  transcriptionally  repressive  heterochro¬ 
matin  promoting  genomic  stability  95], 

Through  all  its  enzymatic  activities,  SIRT6  controls  cellu¬ 
lar  homeostasis  by  regulating  DNA  repair  [94,96-99],  telomere 
maintenance  [90],  and  glucose  and  lipid  metabolism  [100-104], 
Importantly,  the  main  phenotype  that  SIRT6  KO  mice  display  is 
an  acute  and  severe  metabolic  abnormality.  Soon  after  birth,  they 
develop  a  striking  phenotype  characterized  by  several  acute  degen¬ 
erative  processes,  including  loss  of  subcutaneous  fat,  lymphopenia, 
osteopenia,  and  acute  onset  of  hypoglycemia,  which  lead  to  their 
death  in  less  than  10  days  [96],  This  fatal  drop  in  blood  glucose 
levels  is  due  to  an  increased  glucose  uptake  by  both  muscle  and 
brown  adipose  tissue.  SIRT6-deficient  cells  avidly  take  up  glucose, 
which  is  metabolized  to  lactate  instead  of  being  oxidized  in  the 
mitochondria  [102],  Mechanistically,  SIRT6  binds  and  co-represses 
HIF-la  transcriptional  activity,  thus  suppressing  the  expression  of 
several  key  glycolytic  genes,  such  as  glucose  transporter-1  ( Glutl ), 
phosphofructokinase-1  ( Pfkl ),  pyruvate  dehydrogenase  kinase-1 
(Pd/<3)  and  lactate  dehydrogenase  ( Ldh )  by  specifically  deacetylat- 
ingH3K9atthe  promoter  region  of  these  genes  [102  .Accordingly, 
lack  of  SIRT6  leads  to  a  glucose  metabolic  reprogramming  that 
is  reminiscent  of  the  Warburg  effect,  suggesting  that  this  sir- 
tuin  could  suppress  tumor  growth.  Indeed,  SIRT6  functions  as  a 
tumor  suppressor  by  repressing  cancer  metabolism.  SIRT6  loss  in 
immortalized  mouse  embryonic  friboblasts  (MEFs)  leads  to  tumor 
formation  even  in  the  absence  of  any  oncogene  activation  [38], 
Metabolic  reprogramming  has  been  traditionally  associated  with 
the  activation  of  oncogenic  pathways,  which,  in  addition  to  their 
effects  on  cell  proliferation,  directly  impinge  on  core  metabolic 
pathways.  However,  given  the  connection  between  these  two  pro¬ 
cesses,  it  has  been  difficult  to  discern  cause  from  effect.  In  this 


context,  these  results  represent  one  of  the  first  evidence  supporting 
a  driving  role  for  glucose  metabolism  reprogramming  in  tumori- 
genesis  [105],  Importantly,  inhibition  of  glucose  metabolism  by 
knocking-down  PDKl  suppresses  tumorigenesis  in  SIRT6-deficient 
cells,  confirming  the  driver  role  of  glycolytic  metabolism  in  can¬ 
cer  initiation  and  growth  [38],  In  addition  to  promoting  glycolysis, 
lack  of  SIRT6  leads  to  an  increase  in  glutamine  metabolism  and 
ribosomal  gene  expression,  although  this  phenotype  appears  to  be 
a  later  event  in  the  tumorigenic  process.  SIRT6  deacetylates  H3K56 
at  the  promoter  region  of  these  genes  and  co-represses  MYC  tran¬ 
scriptional  activity,  a  master  regulator  of  glutamine  metabolism 
and  ribosome  biogenesis  [38].  Furthermore,  SIRT6  deletion  in  a 
mouse  model  of  colorectal  cancer  increases  the  number,  size  and 
aggressiveness  of  adenomas,  a  phenotype  that  is  fully  suppressed 
by  pharmacologically  inhibiting  PDKl  with  dichloroacetate  (DCA), 
highlighting  the  prominent  role  of  glycolysis  in  SIRT6-dependent 
tumorigenesis  [38],  Finally,  SIRT6  expression  is  downregulated  in 
human  pancreatic,  colorectal,  liver  and  head  and  neck  cancers 
[38,106-108],  Several  mechanisms  have  been  proposed  to  regulate 
SIRT6  levels  in  cancer  cells,  including  proteasomal  degradation  in 
colon  cancer  cells  and  non-small  cell  lung  cancer  109,110],  and 
direct  repression  of  its  expression  in  breast,  bladder  and  prostate 
cancer  cells  [111,112], 

Like  other  sirtuins,  increased  SIRT6  expression  has  also  been 
reported  in  few  tumor  types,  such  as  pancreatic,  prostate  and  breast 
cancers,  where  high  S1RT6  levels  are  associated  with  chemotherapy 
resistance  and  poor  prognosis  [113-115],  In  these  tumors,  the  effect 
of  SIRT6  on  metabolism  may  not  be  dominant,  but  instead  over¬ 
expression  of  SIRT6  may  promote  a  pro-inflammatory  phenotype 
or  offer  protection  against  chemotherapy-induced  DNA  damage, 
facilitating  tumor  growth. 


5.  SIRT1,  SIRT2  and  SIRT7:  putative  regulators  of  tumor 
metabolism 

A  large  body  of  evidence  has  implicated  S1RT1 ,  S1RT2  and  SIRT7 
in  neoplastic  transformation.  Although  they  have  not  been  found 
to  directly  regulate  cancer  metabolism,  recent  data  has  uncovered 
new  roles  for  these  sirtuins  in  the  regulation  of  key  factors  control¬ 
ling  metabolic  reprogramming  in  cancer  cells.  As  detailed  below, 
SIRT1,  SIRT2  and  SIRT7  regulate  the  activity  of  both  HIF  and  MYC 
proteins;  SIRT1  also  regulates  the  metabolic  sensor  liver  kinase 
B1  (LKB1),  and  SIRT2  regulates  de  activity  of  several  metabolic 
enzymes.  Therefore,  it  is  reasonable  to  speculate  that  these  sirtu¬ 
ins  could  play  important  roles  in  tumorigenesis  by  regulating  some 
aspects  of  tumor  metabolism,  a  possibility  that  has  not  been  fully 
explored  yet. 

SIRT1  was  the  first  family  member  shown  to  function  as  a  tumor 
suppressor,  mainly  by  modulating  cellular  stress  responses  and 
DNA  repair  [116].  However,  SIRT1  has  also  been  found  to  pro¬ 
mote  tumor  growth;  therefore,  like  for  other  sirtuins,  the  role  of 
SIRT1  in  tumorigenesis  seems  to  depend  on  the  specific  tumor  type, 
cellular  context  and  signaling  pathway  affected.  SIRT1  possesses 
a  very  strong  deacetylase  activity  and,  accordingly,  it  regulates 
tumorigenesis  by  deacetylating  and  controlling  the  activity  of  a 
large  variety  of  transcription  factors,  some  of  them  key  regula¬ 
tors  of  metabolic  reprogramming  in  cancer  cells.  It  was  initially 
reported  that  SIRT1  was  able  to  deacetylate  and  activate  HIF-2a 
but  not  HIF-la  [117],  although  later  studies  confirmed  a  role  for 
SIRT1  in  regulating  HIF-la  as  well  [118,119],  SIRT1  was  found  to 
deacetylate  HIF-la  inhibiting  its  transcriptional  activity  by  block¬ 
ing  HIF-la-dependent  recruitment  of  the  p300  acetyltransferase  to 
the  promoters  of  HIF-la  target  genes.  In  this  setting,  SIRT1  could 
repress  HIF-la-driven  metabolic  reprogramming  [118],  However, 
these  results  have  been  challenged  by  another  study,  which  showed 
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a  positive  effect  of  SIRT1  on  HIF-la  activity  [119],  This  study 
demonstrated  that  in  vivo  inhibition  of  SIRT1  activity  in  mice  bear¬ 
ing  hepatocellular  carcinoma  xenografts  reduces  tumor  growth  by 
downregulating  the  expression  of  VECFA  and  blood  vessel  forma¬ 
tion.  In  line  with  this,  lack  of  SIRT1  in  myeloid-derived  suppressor 
cells  (MDSC)  promotes  a  HIF-la-dependent  glycolytic  switch  that 
skews  these  cells  towards  a  pro-inflammatory  phenotype,  which 
confer  protection  against  tumors  [120].  Finally,  SIRT1  can  have  dif¬ 
ferential  roles  in  HIF-la  and  HlF-2a  mediated  hypoxic  responses 
depending  on  the  cell  type  [121],  adding  more  complexity  to  the 
functional  interplay  between  SIRT1  and  HIF  proteins. 

In  addition  to  HIF,  SIRT1  also  cooperates  with  the  oncogenic 
transcription  factor  MYC.  MYC  directly  binds  to  the  SIRT1  pro¬ 
moter  to  induce  its  expression,  which  in  turn  deacetylates  MYC 
at  its  C-terminal  domain  [122-124],  Although  initially  reported 
that  SIRT1 -mediated  deacetylation  of  MYC  was  responsible  for 
its  degradation  and,  consequently,  decreased  MYC  function  [123], 
more  recent  studies  have  demonstrated  that  MYC  deacetylation 
leads  to  its  stabilization  and  increases  MYC-MAX  association  and 
activity  [122,124].  In  this  context,  SIRT1  also  forms  a  positive  feed¬ 
back  loop  with  N-Myc  to  promote  tumorigenesis  in  a  mouse  model 
of  neuroblastoma,  where  N-Myc  induces  the  expression  of  SIRT1, 
and  SIRT1  stabilizes  N-Myc  protein  by  promoting  MI<P3-dependent 
phosphorylation  of  N-Myc  [125],  Despite  all  these  data  supporting 
a  role  for  SIRT1  in  regulating  MYC  activity,  it  is  currently  unknown 
whether  SIRT1  regulates  MYC-dependent  metabolic  reprogram¬ 
ming  in  cancer  cells.  In  this  regard,  it  has  been  recently  shown  that 
SIRT1  stimulates  MYC-induced  LDHA  expression  [122,126],  sug¬ 
gesting  that,  indeed,  SIRT1  could  regulate  some  of  the  metabolic 
effects  of  MYC  in  cancer. 

Finally,  it  has  been  reported  that  SIRT1  deacetylates  and  acti¬ 
vates  LKBl  [127  ,  a  known  tumor  suppressor  that  regulates  several 
metabolic  pathways.  One  of  the  main  targets  for  LKBl  is  AMP- 
activated  protein  kinase  (AMPK),  a  key  enzyme  that  regulates 
cellular  energy  homeostasis  [128].  LKBl  phosphorylates  AMPK  at 
Thr-172,  an  event  required  for  its  activation  [129].  Importantly, 
AMPK  has  been  recently  described  to  be  a  tumor  suppressor  by  neg¬ 
atively  regulating  the  Warburg  effect  [130],  raising  the  possibility 
that  SIRT1  could  suppress  metabolic  reprogramming  in  cancer  cells 
by  activating  the  LKBl  -AMPK  axis. 

SIRT2  also  functions  as  a  tumor  suppressor,  mainly  by  pro¬ 
moting  genomic  stability.  SIRT2  regulates  mitotic  progression 
by  controlling  the  activity  of  the  anaphase  promoting  com- 
plex/cyclosome  via  deacetylation  of  its  coactivators  CDH1  and 
CDC20,  and  thus  prevents  chromosomal  instability  during  mitosis 
[131],  Furthermore,  SIRT2  binds  and  deacetylates  the  methyltrans- 
ferase  PR-Set7,  modulating  its  chromatin  localization  and  resulting 
in  H4K20  methylation,  a  chromatin  mark  involved  in  genomic 
stability  [132],  Interestingly,  CDH1  has  been  shown  to  inhibit 
glycolysis  and  cancer  cell  proliferation  through  ubiquitination 
and  degradation  of  the  glycolytic  enzyme  6-phosphofructo-2- 
kinase/fructose-2,6-bisphosphatase,  isoform  3  (PFKFB3)  [133], 
suggesting  that  SIRT2-mediated  deacetylation  of  CDH1  could  regu¬ 
late  aerobic  glycolysis.  Supporting  this  hypothesis,  SIRT2  has  been 
recently  found  to  regulate  the  activity  of  HIF-la  by  deacetylat- 
ing  lysine  709  and  promoting  its  stability.  Importantly,  HIF-la 
induction  by  SIRT2  deficiency  increases  the  expression  of  the  gly¬ 
colytic  genes  GLUT 1  and  LDHA,  supporting  tumor  growth  [134], 
Furthermore,  SIRT2  also  regulates  the  activity  of  phosphoglyc- 
erate  mutase  (PGAM)  and  glucose-6-phosphate  dehydrogenase 
(G6PD),  two  key  metabolic  enzymes  involved  in  glycolysis  and  the 
pentose  phosphate  pathway  (PPP).  PGAM  is  a  glycolytic  enzyme 
that  catalyzes  the  conversion  of  3-phosphoglycerate  (3-PG)  to  2- 
phosphoglycerate  (2-PG).  By  controlling  intracellular  levels  of  3-PG 
and  2-PG,  PGAM  coordinates  glycolysis  and  biosynthesis  to  pro¬ 
mote  tumor  growth  [135],  Xu  and  colleagues  found  that  PGAM 


activity  is  regulated  by  acetylation  at  lysine  1 00,  and  SIRT2  deacety¬ 
lates  this  residue  to  activate  its  enzymatic  activity  [136],  Although 
SIRT2 -dependent  deacetylation  of  PGAM  was  not  confirmed  to  be 
relevant  for  tumor  growth  in  vivo,  overexpression  of  a  PGAM  acety¬ 
lation  mimetic  mutant  reduced  cell  proliferation  and  tumor  growth 
[136],  highlighting  the  importance  of  this  acetylation  in  controlling 
PGAM  activity  in  the  context  of  tumorigenesis.  As  noted  before, 
SIRT2  also  deacetylates  G6PD,  which  catalyzes  the  conversion  of 
glucose-6-phosphate  to  6-phosphogluconate  generating  NADPH, 
and  represents  the  rate-limiting  and  primary  control  step  of  the 
NADPH-generating  branch  in  the  PPP.  SIRT2-mediated  deacetyla¬ 
tion  of  G6PD  activates  its  enzymatic  activity  and  stimulates  PPP 
to  supply  cytosolic  NADPH  promoting  cell  survival  during  oxida¬ 
tive  stress  [137].  Since  an  active  PPP  is  important  in  tumor  cells  for 
nucleotide  biosynthesis  and  redox  homeostasis,  this  result  imply 
that  SIRT2  could  potentially  promote  tumor  growth  by  activating 
this  metabolic  pathway. 

As  for  SIRT1,  the  MYC  oncoproteins  also  form  a  positive  feed¬ 
back  loop  with  SIRT2.  Both  MYC  and  N-MYC  induce  the  expression 
of  SIRT2,  which  in  turn  deacetylates  and  stabilizes  them,  promoting 
growth  of  neuroblastoma  and  pancreatic  cancer  cells  [138],  How¬ 
ever,  whether  the  interplay  between  SIRT2  and  MYC  proteins  is 
relevant  in  the  context  of  cancer  metabolism  remains  unexplored. 

Lastly,  although  the  role  of  SIRT7  in  tumorigenesis  has  been  less 
studied,  a  recent  report  showed  pro-oncogenic  properties  for  this 
sirtuin  by  deacetylating  H3K1 8  and  repressing  transcription  of  mul¬ 
tiple  genes  involved  in  anchorage-independent  growth  and  contact 
inhibition  [139].  In  line  with  this,  SIRT7  has  been  also  described 
to  act  as  an  oncogene  in  hepatocellular  carcinoma,  gastric  can¬ 
cer  and  colorectal  cancer  [140-142],  As  other  sirtuins,  SIRT7  also 
regulates  HIF  proteins,  potentially  underlying  the  Warburg  effect. 
SIRT7  binds  and  decreases  the  stability  of  both  HIF-la  and  HIF-2a, 
although  the  molecular  mechanism  involved  in  this  regulation  is 
not  known  [143],  Finally,  SIRT7  also  acts  as  a  co-repressor  of  MYC 
to  suppress  ribosomal  gene  expression  in  response  to  endoplasmic 
reticulum  (ER)  stress  [144],  Nevertheless,  whether  SIRT7  plays  a 
role  in  cancer-associated  metabolic  reprogramming  remains  to  be 
elucidated. 


6.  Sirtuins  as  modulators  of  cancer  metabolism  during 
aging 

Medical  advances  and  global  heath  policies  have  resulted  in  an 
increase  in  life  expectancy.  This  shift  in  the  distribution  of  pop¬ 
ulation  towards  older  ages  has  profound  medical  implications. 
Aging  is  accompanied  with  a  major  incidence  of  many  diseases, 
and  roughly  two  thirds  of  people  who  die  each  day  in  the  world 
die  of  age-related  causes  (this  percentage  reaches  90%  in  indus¬ 
trialized  countries)  [145],  Remarkably,  cancer  ranks  at  the  top  of 
the  list  of  age-related  deaths  and  its  incidence  increases  expo¬ 
nentially  with  age  [33].  The  most  common  explanation  for  the 
higher  incidence  of  cancer  during  aging  is  the  accumulation  of 
mutations  over  time  as  we  age,  providing  aging  enough  time  for 
these  mutations  to  reach  the  threshold  required  for  tumor  ini¬ 
tiation  and  growth.  However,  this  theory  has  some  caveats  as  it 
fails  to  explain  why  some  metabolic  diseases,  such  as  type  II  dia¬ 
betes  or  obesity,  exhibit  a  tight  correlation  with  cancer  propensity 
and  worse  prognosis  [146],  In  line  with  this,  metabolic  alterations 
via  CR  or  physical  exercise  drastically  reduce  the  risk  of  develop¬ 
ing  cancer  [147],  These  observations  suggest  that  a  decrease  in 
metabolic  homeostasis  as  we  age  could  be  an  important  factor 
contributing  to  the  increased  incidence  of  cancer  during  aging.  In 
this  setting,  metabolism  in  tissues  is  known  to  change  with  age, 
with  a  clear  decrease  in  mitochondrial  respiration  coupled  to  an 
increased  in  lactate  metabolism  [148,149],  Moreover,  some  tissues 
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exhibit  increased  aerobic  glycolysis  with  age,  mainly  due  to  upreg- 
ulated  activities  of  several  glycolytic  enzymes  [150-152],  These 
metabolic  changes  are  remarkably  similar  to  cancer  metabolism 
reprogramming,  raising  the  possibility  that  age-associated  changes 
in  metabolism  could  predispose  to  tumorigenesis  and  promote 
tumor  growth. 

Increased  ROS  production,  p53  and  NF-kB  have  been  involved  in 
this  age-dependent  metabolic  switch  [153],  However,  the  precise 
molecular  players  directly  regulating  this  adaptation  remain  poorly 
understood.  As  mentioned  before,  sirtuins  have  emerged  as  key  reg¬ 
ulators  of  metabolic  rewiring  during  tumorigenesis,  and  they  play 
a  crucial  role  in  regulating  healthy  lifespan  and  aging.  Therefore, 
they  represent  excellent  candidates  to  connect  cancer,  aging  and 
metabolic  reprogramming.  Although  there  is  no  data  directly  link¬ 
ing  sirtuins  as  regulators  of  age-associated  cancers  by  controlling 
metabolism,  several  lines  of  evidence  support  this  hypothesis.  The 
levels  of  NAD+  decrease  in  multiple  tissues  during  aging,  mainly  due 
to  a  downregulation  of  nicotinamide  phosphoribosyltransferase 
(NAMPT),  the  rate-limiting  enzyme  in  mammalian  NAD+  biosyn¬ 
thesis  [154],  Since  sirtuins  require  NAD+  for  their  activity,  this  result 
suggests  that  the  function  of  these  proteins  could  be  impaired 
during  aging.  Importantly,  nicotinamide  mononucleotide  (NMN), 
a  product  of  the  NAMPT  reaction  and  a  key  NAD+  intermediate, 
ameliorates  the  metabolic  defects  associated  with  decreased  NAD+ 
during  aging,  partly  through  S1RT1  activation  [154],  In  agreement 
with  this,  S1RT1  overexpression  in  mice  improves  healthy  aging, 
while  decreasing  the  incidence  of  spontaneous  carcinomas  and  sar¬ 
comas.  These  effects,  however,  are  not  sufficiently  potent  to  affect 
longevity,  but  clearly  suggest  a  protective  role  for  SIRT1  in  age- 
associated  cancers  [28],  Furthermore,  CR  induces  the  expression  of 
S1RT1  in  several  tissues  [155],  and  overexpression  or  pharmaco¬ 
logical  activation  of  S1RT1  mimics  the  protective  effects  of  CR  on 
age-associated  metabolic  decline,  neurodegeneration  and  cancer 
[  1 56],  Remarkably,  SIRT1  has  been  recently  involved  in  the  estab¬ 
lishment  of  a  Warburg-like  phenotype  during  aging  by  stabilizing 
HIF-la  and  disrupting  mitochondrial  homeostasis  [157],  Drop  of 
NAD+  levels  occurs  during  aging,  in  turn  decreasing  SIRT1  activity, 
causing  VHL  levels  to  decline  promoting  the  stabilization  of  HIF- 
la.  The  activation  of  this  program  induces  a  pseudohypoxic  state 
that  disrupts  nuclear-mitochondrial  communication  and  OXPHOS, 
which  could  promote  tumorigenesis  by  increasing  ROS  levels  and 
mutagenesis  [157],  Importantly,  a  decline  in  mitochondrial  func¬ 
tion  with  age  has  been  linked  to  loss  of  cellular  homeostasis  and 
organismal  health  [158].  Besides  SIRT1,  mitochondrial  sirtuins  also 
regulate  mitochondrial  metabolism  as  well  as  some  aspects  of  can¬ 
cer  metabolism  and,  thus,  they  could  also  control  age-associated 
cancers  by  impacting  on  mitochondrial  homeostasis.  Furthermore, 
SIRT3  and  SIRT6  also  regulate  HIF-la  activity,  raising  the  possibil¬ 
ity  that  these  sirtuins  could  contribute  as  well  to  the  acquisition  of 
this  pseudohypoxic  state  during  aging.  Finally,  SIRT6  overexpres¬ 
sion  extends  lifespan  in  male  mice  [32],  a  phenotype  that  has  been 
partially  attributed  to  its  role  as  a  tumor  suppressor  [159].  Due  to 
the  driving  role  of  SIRT6  in  tumorigenesis  by  controlling  glucose 
metabolic  reprogramming  [38],  it  is  tempting  to  speculate  that  loss 
of  SIRT6  (levels  or  activity)  could  contribute  to  the  Warburg-like 
metabolic  shift  observed  during  aging,  promoting  tumorigenesis. 


7.  Concluding  remarks 

Extensive  work  done  over  the  past  few  years  has  greatly 
improved  our  understanding  of  the  biology  behind  mammalian 
sirtuins,  which  have  been  involved  in  a  steadily  growing  list  of 
physiological  processes.  Due  to  their  NAD+-dependent  activity, 
sirtuins  function  as  cellular  rheostats  controlling  core  metabolic 
pathways  and,  thus,  are  essential  in  maintaining  metabolic 
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homeostasis.  Changes  in  carbon  and  nitrogen  metabolism  have 
been  shown  to  be  strictly  required  for  tumor  initiation  and  pro¬ 
gression  and,  accordingly,  cancer  cells  need  to  reprogram  their 
metabolism  to  fulfill  the  energetic  and  anabolic  demands  of  cell 
proliferation.  Not  surprisingly,  as  metabolic  sensors,  several  sir¬ 
tuins  have  been  uncovered  as  central  regulators  of  this  metabolic 
reprogramming  by  modulating  mitochondrial  metabolism  (SIRT3 
and  SIRT4)  and  epigenetics  (SIRT6).  Although  the  role  of  other  sir¬ 
tuins  in  driving  cancer  metabolism  has  not  been  explored  yet,  they 
clearly  regulate  some  of  the  metabolic  pathways  altered  in  cancer 
and,  with  no  doubt,  future  work  will  likely  involve  these  sirtuins  in 
tumorigenesis  by  controlling  metabolism  in  cancer  cells.  However, 
further  work  seems  necessary  to  understand  how  sirtuins’  expres¬ 
sion/activity  is  regulated  during  tumorigenesis,  and  whether  their 
roles  in  cancer  metabolism  are  general  or  specific  for  some  types 
of  tumors.  Moreover,  almost  every  sirtuin  has  other  relevant  func¬ 
tions  in  cancer  cells,  from  promoting  DNA  repair  to  controlling  the 
activity  of  transcription  factors,  and  depending  on  the  dominant 
role  of  some  of  these  activities,  sirtuins  will  have  tumor  promoting 
or  suppressing  roles.  Therefore,  elucidating  the  precise  interplay 
of  these  functions  in  a  particular  tumor  will  be  essential  to  design 
drugs  to  efficiently  target  this  family  of  proteins.  In  this  regard, 
controlling  the  activity  of  sirtuins  could  have  an  enormous  impact 
on  age-related  diseases,  including  cancer.  As  discussed  before,  the 
role  of  sirtuins  as  regulators  of  cancer  metabolism  could  be  one 
of  the  mechanisms  by  which  they  promote  longevity  and  health 
span,  defining  this  family  of  proteins  as  key  modulators  at  the 
intersection  of  cancer,  metabolism  and  aging. 
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